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(57) ABSTRACT 

A system and method for determining a most likely material 
composition of an object (102). At least one respective 
stored radiation polarization transformation (500) is stored 
for at least one material composition at a plurality of 
Wavelengths. A transmitted electromagnetic signal (112) 
With at least one Wavelength Within the plurality of Wave 
lengths and that has a predetermined transmitted polariza 
tion pro?le is transmitted. The transmitted signal (112) 
encounters an object (102) and is received as at least one 
received signal (116, 118). Processing determines a respec 
tive received polarization for each of the at least one 
Wavelength of the received signal (116, 118), determines a 
respective calculated polarization transformation between 
the transmitted polarization pro?le and the received polar 
ization of the respective Wavelength, for each of the at least 
one Wavelength,. The processing also compares the respec 
tive calculated polarization transformations to the at least 
one respective stored radiation polarization transformations 
(500) for at least one of the plurality of material composi 
tions and based on those comparisons, estimates a most 
likely material composition for the object (102). 
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METHOD AND SYSTEM FOR IDENTIFYING 
MATERIAL COMPOSITION BASED UPON 

POLARIZATION TRAJECTORIES 

FIELD OF THE INVENTION 

[0001] The present invention relates generally to the ?eld 
of material identi?cation techniques and systems, and more 
particularly relates to identifying a type of material based 
upon its electromagnetic re-radiation properties. 

BACKGROUND OF THE INVENTION 

[0002] Rapid and accurate identi?cation of materials is a 
requirement of many applications, particularly for identi? 
cation of dangerous devices such as explosives. Security 
checkpoints, such as found in airports and entrances to other 
sensitive areas, bene?t from being able to determine if an 
object contains or is made of explosive or otherWise dan 
gerous material. Techniques used to identify objects include 
X-Ray equipment, holographic image processing devices, 
and ionizing radiation detectors to identify radioactive mate 
rials. X-ray and holographic methods have a draWback of 
being limited to identifying the shape of an item, but give no 
information regarding the composition of the material that 
makes up the item. Ionizing radiation detectors identify 
radioactive material, but do not detect conventional explo 
sive devices. X-ray and holographic systems are often large, 
immobile devices that require ?xed installations, thereby 
limiting the ?exibility of their use. 

[0003] Therefore a need exists to overcome the problems 
With the prior art as discussed above. 

SUMMARY OF THE INVENTION 

[0004] Brie?y, in accordance With the present invention, 
disclosed is a method for determining a most likely material 
composition of an object that includes storing at least one 
respective stored radiation polarization transformation for 
each material compositions Within the at least one material 
composition. The method further includes transmitting a 
transmitted electromagnetic signal With at least one Wave 
length that is Within the plurality of Wavelengths. The 
transmitted electromagnetic signal having a predetermined 
transmitted polarization pro?le. The method also includes 
receiving at least one received signal at the at least one 
Wavelength after the transmitted signal has encountered an 
object. The method further includes determining a respec 
tive received polarization for each of the at least one 
Wavelength of the received signal and determining, for each 
of the at least one Wavelength, a respective calculated 
polarization transformation betWeen the transmitted polar 
ization pro?le and the respective received polarization of the 
respective Wavelength. The method also includes compar 
ing, for each of the at least one Wavelength, the respective 
calculated polarization transformations to the at least one 
respective stored radiation polarization transformations for 
at least one of the plurality of material compositions and 
estimating, based on the comparing, a most likely material 
composition for the object. 

[0005] Also disclosed is a material determination system 
used to determine a most likely material composition of an 
object that includes a stored transformation database that 
stores, for at least one material composition, at least one 
respective stored radiation polarization transformation at a 
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plurality of Wavelengths for each of the material composi 
tions Within the at least one material composition. The 
material determination system also includes a transmitter 
that transmits a transmitted electromagnetic signal With at 
least one Wavelength Within the plurality of Wavelengths. 
The transmitted electromagnetic signal having a predeter 
mined transmitted polarization pro?le. The material deter 
mination system also includes a receiver that receives at 
least one received signal at the at least one Wavelength, after 
the signal has encountered an object. The material determi 
nation system further includes a material composition esti 
mator that a) determines a respective received polarization 
for each of the at least one Wavelength of the received signal, 
b) determines, for each of the at least one Wavelength, a 
respective calculated polarization transformation betWeen 
the transmitted polarization pro?le and the respective 
received polarization of the respective Wavelength, c) com 
pares, for each of the at least one Wavelength, the respective 
calculated polarization transformations to the at least one 
respective stored radiation polarization transformations for 
at least one of the plurality of material compositions, and d) 
estimates, based on the comparing, a most likely material 
composition for the object. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0006] The accompanying ?gures, Where like reference 
numerals refer to identical or functionally similar elements 
throughout the separate vieWs and Which together With the 
detailed description beloW are incorporated in and form part 
of the speci?cation, serve to further illustrate various 
embodiments and to explain various principles and advan 
tages all in accordance With the present invention. 

[0007] FIG. 1 illustrates an operational environment for a 
material determination system in accordance With one 
embodiment of the present invention. 

[0008] FIG. 2 illustrates an elliptical polarization dimen 
sional analysis as used by processing of an exemplary 
embodiment of the present invention. 

[0009] FIG. 3 is a Poincare’ sphere illustration of polar 
ization values as used by processing of an exemplary 
embodiment of the present invention. 

[0010] FIG. 4 illustrates spherical dimensions used in 
analysis performed by processing of an exemplary embodi 
ment of the present invention. 

[0011] FIG. 5 illustrates a measured polarization transfor 
mation to material mapping table, in accordance With one 
embodiment of the present invention. 

[0012] FIG. 6 illustrates a processing block diagram of a 
frequency domain transmitted signal generation circuit in 
accordance With one embodiment of the present invention. 

[0013] FIG. 7 illustrates a processing block diagram of a 
frequency domain received signal processing circuit in 
accordance With one embodiment of the present invention. 

[0014] FIG. 8 illustrates a processing block diagram of a 
time domain transmitted signal generation circuit in accor 
dance With a further embodiment of the present invention. 

[0015] FIG. 9 illustrates a processing block diagram of a 
time domain received signal processing circuit in accor 
dance With a further embodiment of the present invention. 
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[0016] FIG. 10 illustrates a time domain representation of 
a horizontally polarized component of a transmitted signal 
generated by the circuits of FIGS. 6 and 8 in accordance With 
exemplary embodiments of the present invention. 

[0017] FIG. 11 illustrates a time domain representation of 
a vertically polarized component of a transmitted signal 
generated by the circuits of FIGS. 6 and 8 in accordance With 
exemplary embodiments of the present invention. 

[0018] FIG. 12 illustrates a material estimation processing 
?oW diagram 1200 in accordance With an exemplary 
embodiment of the present invention. 

[0019] FIG. 13 illustrates a processing circuit block dia 
gram for a material detection system 1300, in accordance 
With one embodiment of the present invention. 

DETAILED DESCRIPTION 

[0020] The accompanying ?gures, Where like reference 
numerals refer to identical or functionally similar elements 
throughout the separate vieWs and Which together With the 
detailed description beloW are incorporated in and form part 
of the speci?cation, serve to further illustrate various 
embodiments and to explain various principles and advan 
tages all in accordance With the present invention. 

[0021] While the speci?cation concludes With claims 
de?ning the features of the invention that are regarded as 
novel, it is believed that the invention Will be better under 
stood from a consideration of the following description in 
conjunction With the draWing ?gures, in Which like refer 
ence numerals are carried forWard. 

[0022] FIG. 1 illustrates an operational environment for a 
material determination system 100 in accordance With one 
embodiment of the present invention. The material determi 
nation system 100 of the exemplary embodiment includes a 
signal transceiver 104 that transmits modulated or unmodu 
lated transmitted electromagnetic signals 112 that have a 
pre-determined electro-magnetic polarization pro?les. The 
exemplary material determination system 100 uses radio 
frequency signals to estimate a material composition of an 
object. Further embodiments of the present invention are 
able to use any electromagnetic signals With predetermined 
polarization characteristics, such as light, X-ray, extremely 
short Wavelength electromagnetic radiation, and ultra-loW 
frequency electromagnetic radiation signals. 

[0023] The transmitted electromagnetic signals 112 of the 
exemplary embodiment are broadcast by a transmitter 
antenna 106. The transmitter antenna 106 of the exemplary 
embodiment supports complete control and adjustment of 
the polarization of the transmitted electromagnetic signals 
112, as is described in more detail beloW. Further embodi 
ments of the exemplary embodiment are able to operate With 
?xed transmitted polarizations or With limited adjustment of 
the transmitted polarizations. These transmitted electromag 
netic signals 112 are directed toWards a physical object 102 
in order to determine the material composition of that 
physical object 102. As an example, the operation of the 
material determination system is able to identify if the 
physical object 102 is made of steel, one of various types of 
plastic, an explosive material, or other types of material. The 
transmitted electromagnetic signals 112 are transformed as 
they encounter, i.e., pass near, are refracted, di?fracted or 
re?ected by, the physical object 102. This transformation is 
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caused by being either re?ected from, refracted by or 
di?fracted by the physical object 102. In being refracted, the 
transmitted electromagnetic signals 112 impinges upon the 
physical object 102 and surface currents 120 are sometimes 
able to develop that transform the electromagnetic signal 
prior to being a refracted/diffracted electromagnetic signal 
118. The exemplary embodiment of the present invention 
operates by observing electromagnetic Waves that are 
re?ected from an object. One manifestation of the transfor 
mation of the electromagnetic signals as they are re?ected, 
refracted or di?fracted by the physical object 102 is a change 
in the electromagnetic Wave polarization. These changes in 
polarization are measured and analyzed by the processing of 
the exemplary embodiment. The operation of the material 
determination system 100 is able to place the physical object 
102 in either the near ?eld or far ?eld of the transmitter 
antenna 106. 

[0024] The receiving elements of the material determina 
tion system 100 include the signal transceiver 104, Which 
includes a receiving antenna 108, and remote receivers 110, 
Which have associated remote receiving antennas 122. The 
signal transceiver 104 receives a monostatic re?ected 
received signal 114 that is re?ected from the object 102. The 
remote receivers 110 of the exemplary embodiment are able 
to be located relative to the signal transceiver 104 and the 
physical object 102 so as to receive either re?ected electro 
magnetic signals 116 or refracted/diffracted electromagnetic 
signals 118 and create a bi-static signal receiving and 
processing system. The remote receiving antennas 122 of the 
remote receivers 110 and the receiving antenna 108 of the 
transceiver 104 in the exemplary embodiment include a pair 
of antennas With orthogonal electromagnetic polarization so 
as to be able to support processing to analyze and determine 
the electromagnetic polarization of received electromagnetic 
signals, such as re?ected received signal 116 or re?ected/ 
refracted received signal 118. Further embodiments of the 
present in invention incorporate antennas that are not 
orthogonal to one another but that do include orthogonal 
components, such as tWo linearly polarized antennas that are 
offset by 45 degrees. The processing of the exemplary 
embodiment compares the determined received electromag 
netic signal polarization With the polarization of the trans 
mitted signal 112 to determine the polarization transforma 
tion caused by the physical object 102. The determined 
polarization transformation is compared to stored values that 
Were previously obtained by measuring polarization trans 
formations caused in various transmitted signals by various 
materials. 

[0025] The processing of the exemplary embodiment of 
the present invention detects the type of material a physical 
object 102 is made of though the use of observed electro 
magnetic signal polarization trajectories characteristics for 
various material types. In the context of the present disclo 
sure, a polarization trajectory refers to a change in electro 
magnetic signal polarization that is caused by encountering 
an object. Embodiments of the present invention use and 
measure polarization trajectories for either a single Wave 
length transmitted electromagnetic signal or for a multi 
Wavelength spectrum that is able to have either a continuous 
frequency spectrum, such as achieved by Wideband modu 
lation of a single RF carrier, or a non-continuous frequency 
spectrum, such as is generated by transmitting a number of 
unmodulated or narroW band modulated RF carriers. As an 

example, a vertically polarized antenna (in free space) is 
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used to transmit transmitted electromagnetic signal 112, 
Which Will thereby have a vertical polarization. The re?ected 
electromagnetic signal 116 has different polarizations at 
various Wavelengths due to the polarization transformation 
caused by the physical object 102. The polarization trans 
formation caused by the physical object is dependent upon 
the Wavelength of the transmitted electromagnetic signal 112 
being re?ected. As a simple example, a linearly vertically 
polarized signal may be re?ected from an object as a linearly 
horizontally polarized signal at a particular Wavelength. 
Such a case produces a polarization trajectory of ninety 
degrees. 
[0026] The polarization of electromagnetic Waves is Well 
knoWn in the relevant arts. The de?nitions used in this 
speci?cation are based upon IEEE standard (145-1983), 
Which de?nes antenna orientation With respect to the orien 
tation of the electric ?eld components, and the associated 
coordinate system. Polarization of an electromagnetic Wave 
describes the motion (i.e., oscillation) and orientation of the 
electric ?eld vector components in space-time according to 
the co-ordinate system. A plane Wave traveling through a 
depolarizing medium Will emerge With a potentially altered 
polarization. An example using the three orthogonal axes 
X-Y-Z has a vertically polarized Wave oriented along the X 
axis With a direction of propagation along the Z direction. 
This is an example of a vertically polarized Wave since the 
electric ?eld vector is perpendicular on the Y-Z plane. As the 
Wave encounters, i.e., passed through or near, a depolarizing 
medium, the total electric ?eld vector rotates and causes the 
resulting polarization to be not purely vertical. The degree of 
depolarization depends on the Wavelength of the incident 
signal, the type of material and shape of the depolarizing 
medium. 

[0027] FIG. 2 illustrates an elliptical polarization dimen 
sional analysis 200 as used by processing of an exemplary 
embodiment of the present invention. The illustrated polar 
ization dimensional analysis shoWs the relationship of a 
signal’s electric ?eld components relative to the reference 
coordinate system represented by the X axis 240 and the Y 
axis 242. The total electric ?eld Et 208 is a vector sum of the 
vertical electric ?eld EX 218 and the horizontal electric ?eld 
Ey 216. This relationship is given by the folloWing equation: 

TE’FEXYHEYY 
[0028] Where: 

EX=El cos((0z) 

[0029] Ey=E2 cos(00t), Where El and E2 are the amplitudes 
of the instantaneous electric ?elds. 

[0030] As the electric ?eld of Et 208 oscillates, the polar 
ization of the associated electromagnetic signal traces an 
ellipse 220 With a major axis OA 224 and Minor Axis OB 
222. The ratio “R” of these axes is described by the 
folloWing equation. 

Ema]... 0A(224) 
R = = z 

Eminor OBQZZ) 

[0031] A value of “R” that is grater than zero indicates 
right-hand circular or elliptical polarization and a value of 
“R” that is less than zero indicates left hand circular or 
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elliptical polarization. The ellipticity angle £210 for this 
exemplary electromagnetic signal is given by the folloWing 
equation. 

[0032] The “tilt angle”'c214 of this exemplary electromag 
netic signal is given by the folloWing equation: 

[0033] FIG. 3 is a Poincare’ sphere illustration 300 of 
polarization values as used by processing of an exemplary 
embodiment of the present invention. As is knoWn in the art, 
the Poincare’ sphere 310 represents the polarization state of 
an electromagnetic signal. Any polarization state can be 
generated from a combination a horizontal linearly polarized 
electromagnetic signal and a vertical linearly polarized 
signal by varying the relative amplitude and phase of those 
tWo linearly polarized signals. 

[0034] The Poincare’ sphere illustration 300 shoWs sev 
eral exemplary polarization states. A purely horizontal lin 
early polarized signal location 316 and a purely vertical 
linearly polarized signal location 320 are shoWn to lie on the 
equator of the Poincare’ sphere. The purely horizontal 
linearly polarized signal location 316 and purely vertical 
linearly polarized signal location 320 lie along the “X” axis 
312 shoWn in this example. Also on the equator is are a 
forty-?ve degree left tilt polarization location 306 and a 
forty-?ve degree left tilt polarization location 308. The 
forty-?ve degree left tilt polarization location 306 and 
forty-?ve degree left tilt polarization location 308 lie along 
the “Y” axis 314 shoWn in this example. A Left Hand 
Circular (LHC) location 302 and a Right Hand Circular 
(RHC) location 304 are also shoWn. Points in the upper half 
of the Poincare’ sphere, i.e., the “northern hemisphere,” are 
left hand circular or elliptically polarized and points in the 
loWer half of the Poincare’ sphere, i.e., the “southern hemi 
sphere,” are right hand circular or elliptically polarized. 

[0035] FIG. 4 illustrates spherical dimensions 400 used in 
analysis performed by processing of an exemplary embodi 
ment of the present invention. The relationships and values 
of the illustrated spherical dimensions 400 are angles for a 
vector 402 that extends from the center 422 of the Poincare’ 
sphere 310 to a point 420 that describes the polarization of 
a particular electromagnetic signal. The illustrated angles 
include 2y410, 21404, 26406, and 6412. These angles are 
determined by the folloWing equations. 

[0036] Stokes parameters representation is useful for map 
ping partial polarizations. The use of Stokes parameters is 
also advantageous since they do not require complex num 
ber representations, especially When used on a Poincare 
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sphere. Stokes parameters can be Written in terms of spheri 
cal co-ordinates and therefore map the polarization states on 
a sphere, allowing the analysis of trajectories on the 
Poincare sphere and therefore the dynamic behavior of 
polarization in relationship to the scattering or depolariza 
tion environment used by the exemplary embodiments of the 
present invention. Stoke’s parameters (i.e., polarization 
states) can be Written in the following form. 

51 
[S] = 

52 

53 

Where 

[0037] The exemplary embodiment represents the stored 
radiation polarization transformations and each of the cal 
culated polarization transformations as the above de?ned 
Stoke’s parameters. The exemplary embodiment also com 
putes the polarization trajectories, transformations and dis 
placements described beloW through the use of Stoke’s 
parameters. The comparison of received polarizations to 
stored values is also facilitated in the exemplary embodi 
ment by their representation through Stoke’s parameters. 

[0038] Another important parameter used especially in 
polarization measurements is the so called polarization ratio 
Q and its relation to the phase difference. The polarization 
ratio Q is given by the folloWing equation, Where 6 is the 
phase difference betWeen the vertical and horizontal linearly 
polarized components of the electromagnetic signal. 

E 

s = Fir?” 

[0039] In the general case, a plane Wave that is incident on 
a surface is able to experience changes in l) the ratio 
betWeen the amplitudes of the vertical and horizontal com 
ponents, 2) the phase of these tWo components, or 3) both 
the magnitude and phase ratios betWeen these tWo compo 
nents may change. As an example, a Wave that is incident on 
a pure metallic surface generally only experiences changes 
in the relative phase of horizontal and vertical components. 
In general, the shift in the location of the polarization state 
on the Poincare sphere of an electromagnetic signal at a 
particular Wavelength from before the signal encounters an 
object until after the signal is in?uenced by the object 
reveals the nature of the material. Since the polarization 
transformation due to the transmission or re?ection of the 
electromagnetic signal by the object is Wavelength depen 
dent, the ratios of the vertical and horizontal components of 
the re?ected electromagnetic signal are also different for 
different Wavelengths as the polarization of the signal is 
affected by the object. The same material composition of an 
object therefore produces different shifts in location on the 
Poincare’ sphere for different Wavelengths. The exemplary 
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embodiments of the present invention take advantage of this 
characteristic to identify the material from Which the object 
is made. 

[0040] The exemplary embodiment of the present inven 
tion that is described beloW transmits a transmitted electro 
magnetic signal 112 that includes radio signals With at least 
three center frequencies, or Wavelengths, that are able to be 
modulated to provide a ?nite spectral bandWidth. Each of 
these center frequencies are referred to as signal compo 
nents. Further embodiments are able to use a single radio 
frequency or Wavelength While yet further embodiments are 
able to use any number of Wavelengths, including tWo, four 
and so on. As discussed above, a particular material Will 
transform the polarization for a particular Wavelength from 
it’s initial, transmitted polarization, i.e., one point on the 
Poincare’ sphere, to another polarization that is represented 
by another point on the Poincare’ sphere. This shift in 
polarization is represented by a vector from the initial 
polarization, as represented on the Poincare’ sphere, to the 
transformed polarization after encountering the object, as is 
represented on the Poincare’ sphere. 

[0041] In order to simplify notation and explanation of the 
exemplary embodiment, a transmitted electromagnetic sig 
nal 112 Will be discussed that has vertical polarization. It is 
clear that any transmitted electromagnetic signal polariza 
tion can be utilized in embodiments of the present invention. 
In general terms, the transmitted electromagnetic signal 112 
is able to have polarizations that vary according to Wave 
length and time varying. The particular transmitted electro 
magnetic polarization of the transmitted electromagnetic 
signal 112, Which is generally varying by Wavelength and 
time, is referred to as a predetermined transmitted polariza 
tion pro?le for the transmitted electromagnetic signal 112. 

[0042] When a physical object 102 is illuminated With a 
transmitted electromagnetic signal 112 that has three fre 
quencies or Wavelengths, represented as F1, F2 and F3, the 
polarization transformation for each of those three Wave 
lengths Will generally be different due to the Wavelength 
selective polarization transformation characteristics of the 
material from Which the physical object 102 is made. In the 
folloWing discussion, the polarization of each electromag 
netic Wavelength contained in the received signal, including 
re?ected received signal 116, and refracted/diffracted elec 
tromagnetic signal 118, is referred to as a respective received 
polarization that is associated With the particular Wave 
length. 

[0043] The folloWing notation is used to represent the 
polarization transformation for the three exemplary Wave 
lengths from their initially transmitted polarization to their 
transformed, or shifted, polarization of the received signal, 
including the re?ected electromagnetic signal 116 or the 
refracted/diffracted electromagnetic signal 118. These polar 
ization transformations are depicted as translations of points 
along the surface of the Poincare’ sphere. In this exemplary 
case, the initially transmitted polarization for all of the three 
Wavelengths is the same. This is not a requirement for the 
operation of embodiments of the present invention. In the 
more general case, the polarization transformation that is 
used by the exemplary embodiment is the change in polar 
ization from the polarization of a particular Wavelength 
contained Within the transmitted signal 112, at a particular 
Wavelength, to the respective received polarization of the 
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respective Wavelength Within the received signal. These 
differences between the polarization of a respective Wave 
length of the transmitted electromagnetic signal 112, as 
de?ned by the predetermined transmitted polarization pro 
?le, and the respective received polarization, as are calcu 
lated for each Wavelength of interest in the transmitted 
electromagnetic signal in the exemplary embodiment, are 
referred to herein as respective calculated polarization trans 
formations. 

[0044] In the simpli?ed example used for ease of under 
standing in this speci?cation, the initial polarization of all 
Wavelengths transmitted Within the transmitted electromag 
netic signal 112 is indicated as Fsp to indicate the polariza 
tion in “free space” (sp). The transformed polarization for 
the three Wavelengths contained in the received signal, 
Which have been transformed by encountering the physical 
object 102, are indicated as: “f1,”“f2,” and “f3,” respec 
tively. This results in the polarization of the electromagnetic 
signal in this example being transformed from the initial 
polarization, Fsp, to “f1,”“f2,” and “f3.” This transformation 
re?ects a shift of the polarization depicted on the Poincare’ 
sphere from Fsp to f1, f2 or f3. These translations can be 
speci?ed by a respective vector from the point Fsp on the 
Poincare’ sphere to the each of the points f1, f2, and f3 for 
the respective radio frequency and corresponding Wave 
length. The folloWing discussion represents these vectors as: 

[0045] Trajectory from Fsp to f1=f11 

[0046] Trajectory from Fsp to f2=f22 

[0047] Trajectory from Fsp to f3=f33 

[0048] The above example is based upon the simple case 
of this description Where the electromagnetic signals for the 
three Wavelengths are all transmitted at the same polariza 
tion. This is not a requirement and therefore the more 
general case uses f11, f22 and f33 to represent the vector for 
the polarization translation from transmission to reception of 
the respective Wavelength along the surface of the Poincare’ 
sphere. 

[0049] In addition to the translation from the initially 
transmitted polarization to the transformed polarization for 
each transmitted Wavelength of interest, the processing of 
the exemplary embodiment further calculates vectors that 
correspond to the displacement betWeen each of the three 
polarizations f11, f22 and f33 themselves. In the simpli?ed 
example discussed above, the vector f12 re?ects the trans 
lation from f11 to f22, the vector f13 re?ects the translation 
from f11 to f33, and the vector f23 re?ects the translation 
from f22 to B3. It is clear that the translation betWeen these 
tWo points in the other direction is also indicated by, for 
example, f21, B1, and f32, respectively. In the generalized 
case Where the different Wavelengths are able to have 
different initial, or transmitted, polarizations, these vectors 
are simply the victor difference between the f11, f22 and f33 
vectors that are described above. 

[0050] Polarization displacements used by the exemplary 
embodiment included stored polarization displacement data 
that is pre-determined for at least material type that is a 
candidate for estimation. The exemplary embodiment fur 
ther calculates determined polarization displacements from 
the received signals to characterize the physical object 102. 
The processing compares the determined polarization dis 
placements to the stored polarization displacement data to 

Jun. 21, 2007 

support identi?cation of the material of Which the physical 
object 102 is constructed. Some embodiments of the present 
invention base this estimation only upon the polarization 
displacement data. 

[0051] The processing of the exemplary embodiment rep 
resents polarization translation vectors as a Polarization 
Trajectory State Space Matrix, “m,” Which is constructed as 
folloWs. 

[0052] The size of the Polarization Trajectory State Space 
Matrix, “m” is determined by the number of radio frequency 
signals, or Wavelengths of interest, used by the particular 
embodiment or for a particular representation. The above 
example uses three radio frequencies, or Wavelengths, and 
therefore has a 3x3 Polarization Trajectory State Space 
Matrix, “m.” The use of “n” Wavelengths Will result in the 
use of an n><n matrix. The Polarization Trajectory State 
Space Matrix, “m,” represents a split of polarization states 
that is similar to the split of eigen-states in quantum mechan 
ics or solid state theory. The depolarizing state trajectory 
space among the Wavelengths With respect to each otheri 
<f12, f21>, <f13, f31> and <f23, f32 >irepresent the off 
diagonal matrix elements and are referred to as trajectories, 
or displacements, betWeen these points on the Poincare’ 
sphere. The polarization state space is referred to by these 
vectors as the magnitude and phase changes betWeen verti 
cally polarized and horizontally polarized electromagnetic 
signals. That state space, in combination With the various 
trajectories and displacements, gives a unique description of 
the material type or identity. 

[0053] It is important to note that the polarization state 
space required to move, for example, from f2 back to f1, 
may not be reciprocal in certain cases, e.g., the trajectory 
may not be the same. In other Words, to go back from f2 to 
f1 the polarization factor could be different compared to the 
polarization factor from f1 to f2. This is another parallelism 
With Quantum theory Where after the energy splits in dis 
crete eigen states and When it comes back to the original 
state, it does not necessarily come back from the same path. 
The same scenarios happen With the rest of the polarization 
state space locations corresponding to the off diagonal 
elements i.e. <f13, f31> and etc. Remember that number of 
Wavelengths of interest determines the size of the matrix; for 
example, using four Wavelengths results in the use of a 4x4 
matrix. 

[0054] The exemplary embodiments of the present inven 
tion transmit transmitted electromagnetic signals 112 that 
have one or more RF carrier signals that each has a pre 
determined center radio frequency and corresponding Wave 
length. Each of these RF carrier signals is able to be 
modulated so as to produce a desired frequency domain 
characteristic for the transmitted electromagnetic signal. For 
example, transmission pulses are able to be used to give each 
carrier an approximately Sinc shaped frequency spectrum 
for the transmitted radio frequency signals. Shaped pulses or 
other modulating Waveforms can also be used to tailor the 
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transmitted frequency as desired. The transmitted electro 
magnetic signal 112 is able to be modulated by a predeter 
mined Waveform. This predetermined Waveform is able to 
be, for example, a uniform pulse train at one or more speci?c 
Wavelengths or a pulse train that has one or more of RF 
Wavelength, timing, and/or polarization selected according 
to a pseudo-noise (PN) data sequence. In the case of the 
exemplary embodiment, data de?ned by ?elds Within a PN 
data sequence are used to index into a table of RF Wave 
length, polarization and pulse timing to create a pseudo 
random sequence of these characteristics. A pseudo-noise 
generated data sequence can be further used to generate a 
more arbitrary predetermined Waveform, such as a Wave 
form With varying amplitude, phase, multiple sub-carriers, 
and the like. The transmitted electromagnetic signal 112 is 
able to consist of one or more RF carriers. Each of these RF 
carriers is able to be modulated With any desired Waveform 
to produce a desired RF frequency spectrum. Receivers of 
the exemplary embodiment are able to recreate a synchro 
nized version of the pseudo-random sequence used by the 
transmitter to alloW for proper reception of re?ected elec 
tromagnetic signals. Synchronization of the pseudo-random 
sequence at a receiver is able to be accomplished through 
processing of received signals or through synchronization 
data that is communicated to the remote receivers over a 
suitable communications channel. 

[0055] FIG. 5 illustrates a measured polarization transfor 
mation to material mapping table 500, in accordance With 
one embodiment of the present invention. This exemplary 
measured polarization transformation to material mapping 
table 500 includes data for three types of materials, corre 
sponding to roW MATl 514, roW MAT2 516 and roW MAT3 
518. The illustration of only three types of material is for 
ease of understanding and simplicity of representation in this 
speci?cation. The exemplary embodiment of the present 
invention is stored in a stored transformation database 
Within the exemplary embodiment and contains polarization 
transformation data that has been measured for many types 
of materials. 

[0056] The polarization transformation to material map 
ping table 500 illustrates six sets of radio frequency, or 
Wavelength, sets that are used to estimate the type of 
material from Which an object is constructed. These six 
frequency sets are represented by the columns for Fa 502, Fb 
504, F0 506, F‘,1 508, F6 510, and Ff 512. The frequency sets 
of each column of the polarization transformation to mate 
rial mapping table 500 correspond to transmitted electro 
magnetic signals 112 that include different sets of center 
radio frequencies, or Wavelengths, or that use particular 
modulation Waveforms for the RF carriers. As an exemplary 
con?guration, frequency set Fa is able to include, for 
example, three RF carriers that each has a speci?c pulse 
modulation. Frequency set Fb is able to include, for example, 
three different RF carrier frequencies that are different than 
those of Fa, Where each RF carrier has a speci?c pulse 
modulation. Frequency set F0 is able to include, for example, 
three RF carriers that each has different center frequencies 
and modulation Waveforms than those of Fa. Frequency set 
F‘,1 is able to include, for example, ?ve RF carriers that each 
has a speci?c pulse modulation. Frequency set Fe is able to 
include, for example, ?ve RF carriers With different modu 
lating Waveforms that those of Fd. Frequency set Ff is able 
to include, for example, a continuous RF spectrum that 
covers a Wide bandWidth. The use of an RF carrier that is 
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modulated to have a Wide RF bandWidth alloWs the polar 
ization transformation characteristics to be measured across 
the RF bandWidth of that RF carrier. The Wavelengths to be 
transmitted and Which are characterized by the polarization 
transformation data are able to be selected based upon an 
amount of polarization transformation exhibited by one or 
more of the materials for those selected radio frequencies or 
Wavelengths. The use of a Wide bandWidth RF carrier alloWs 
simultaneous test and measurement of polarization transfor 
mation at points across the bandWidth of the RF carrier and 
thereby to alloW potentially optimal testing for many dif 
ferent materials. Some embodiments of the present inven 
tion are able to transmit a broadband electromagnetic signal, 
such as a single carrier modulated by a Wide bandWidth 
signal, and limit processing to only selected portions of the 
frequency spectrum of the received re?ected signal. In such 
embodiments, the selected separate portions of the received 
signal that are processed are comparable to at least tWo of 
the plurality of Wavelengths that are processed as discussed 
above. The polarization transformation to material mapping 
table 500 is also able to store polarization transformation 
data that corresponds to having object 102 in the near ?eld 
of the transmitter antenna 106 or a receiving antenna, such 
as receiving antenna 108 or remote receiving antenna 122. 
The use of such data is able to be facilitated by, for example, 
prompting an operator to place a device containing one or 
both of the transmitter antenna 106 and the receiving 
antenna 108 near the object 102 to be characterized. 

[0057] The polarization transformation to material map 
ping table 500 stores a Polarization Trajectory State Space 
Matrix, “m” for each frequency setimaterial pair, as indi 
cated by, for example, mla, mlb, and so forth. The Polar 
ization Trajectory State Space Matrices of the exemplary 
embodiment are determined through empirical means for 
each material and frequency set. Initial determination of the 
Polarization Trajectory State Space matrices includes testing 
various material compositions to determine the polarization 
transformation for the various frequencies and modulations 
included in the respective frequency set. 

[0058] FIG. 6 illustrates a processing block diagram of a 
frequency domain transmitted signal generation circuit 600 
in accordance With one embodiment of the present inven 
tion. The frequency domain transmitted signal generation 
circuit 600 generates a transmitted electromagnetic signal 
112 and alloWs speci?cation of the frequency domain enve 
lope for that generated transmitted electromagnetic signal 
112. The frequency domain transmitted signal generation 
circuit 600 includes a vertically polarized antenna 624 and 
a horizontally polarized antenna 628. The frequency domain 
transmitted signal generation circuit 600 independently gen 
erates tWo RF signals, one to be transmitted through the 
vertically polarized antenna 624 and another to be transmit 
ted through the horizontally polarized antenna 628. 

[0059] The frequency domain transmitted signal genera 
tion circuit 600 includes a table of frequency domain enve 
lope 602. The table of frequency domain envelope 602 
speci?es a discrete frequency domain representation of an 
RF spectrum for the transmitted electromagnetic signal 112. 
The table of frequency domain envelope 602 in the exem 
plary embodiment includes separate entries for the ampli 
tude and phase across the transmitted frequency spectrum 
for each of the horizontally and vertically polarized trans 
mitted electromagnetic signals. An example of data con 
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tained Within a table of frequency domain envelope 602 
includes RF frequency bands in Which constant amplitude, 
but potentially varying phase, signals are to be generated. 
Such a transmitted Waveform is referred to herein as “fre 
quency pulses” since the frequency domain representation 
for this signal resembles a time domain pulse train. 

[0060] The table of frequency domain envelope 602 pro 
vides the speci?cation of the complex value, i.e., both 
magnitude and phase information, of the frequency domain 
envelope for the vertical and horizontal polarization to a 
vertical amplitude and phase mapping per band block 606 
and a horizontal amplitude and phase mapping per band 
block 604, respectively. The vertical amplitude and phase 
mapping per band block 606 and a horizontal amplitude and 
phase mapping per band block 604 each include a table of 
multiple entries that de?ne a number of magnitude and 
phase combinations for their respective transmit polarization 
signal. Variation of the magnitude and phase of each signal 
transmitted by the V-polarized antenna 624 and the H-po 
larized antenna 628 alloWs adjustment and setting of the 
transmitted polarization pro?le for the transmitted electro 
magnetic signal 112. 

[0061] The vertical amplitude and phase mapping per 
band block 606 and a horizontal amplitude and phase 
mapping per band block 604 also receive a pseudo-noise 
(PN) data sequence from PN-sequence generator 608. The 
data contained in the PN data sequence is used by the 
vertical amplitude and phase mapping per band block 606 
and a horizontal amplitude and phase mapping per band 
block 604 to select one of the magnitude and phase entries 
stored therein. The selected magnitude and phase entry 
selected based upon the PN data sequence produces a 
frequency domain representation of the desired transmitted 
Waveform for each polarization, and thereby varies the 
predetermined transmitted polarization pro?le over time. 

[0062] The output of the vertical amplitude and phase 
mapping per band block 606 is provided to a vertical Inverse 
FFT block 610 to produce a digital representation of the time 
domain signal to be transmitted With vertical polarization. 
The horizontal amplitude and phase mapping per band block 
604 drives a time delay/amplitude compensation module 
614 that compensates for time delay and amplitude differ 
ences betWeen the vertical and horizontal channels. The 
vertical Inverse FFT block 610 and the time delay/ amplitude 
compensation module 614 each drive a respective digital to 
analog (D/A) converter, the vertical D/A 616 and the hori 
zontal D/A 618. The outputs of the D/A converters are 
provided to a vertical RF block 620 and a horizontal RF 
block 622, Which produces the RF signals for transmission 
on their respective polarizations through a vertically polar 
ized transmission antenna 624 and a horizontally polarized 
transmission antenna 628. 

[0063] FIG. 7 illustrates a processing block diagram of a 
frequency domain received signal processing circuit 700 in 
accordance With one embodiment of the present invention. 
The frequency domain received signal processing circuit 
700 receives signals that are re?ected, refracted or diffracted 
by the physical object 102, depending upon the location of 
its receiving antennas. The frequency domain received sig 
nal processing circuit 700 includes receiving antennas that 
include a vertically polarized receiving antenna 702 and a 
horizontally polarized receiving antenna 704. The receiving 
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antennas each drive a respective RF signal processing chain, 
a vertical RF processing chain 706 and a horizontal RF 
processing chain 708. Each RF processing chain includes an 
RF block, an Analog to Digital converter (A/D), a Fast 
Fourier Transform (FFT) processor and a frequency samples 
selection per band processor. The RF processing chains 
produce selected frequency bin information produced by 
their respective FFT processors. The frequency samples 
selection per band processor accepts the frequency domain 
data produced by the FFT processor and selects only the 
frequency bins of interest in the received signal frequency 
spectrum. These selected frequency samples are provided to 
a normalized polarization vector computation per band 
block 714 that produces a value that corresponds to the 
location of the received signal’s polarization on the 
Poincare’ sphere. The normalized polarization vector com 
putation per band block 714 produces values that correspond 
to the f1, f2, and f3 points on the Poincare sphere described 
above. These values are provided to a polarimetric trajectory 
mapping processor 716 that determines the trajectories, or 
displacements, betWeen the transmitted and received polar 
izations at each transmitted frequency, i.e., those values that 
correspond to the diagonal values of the Polarization Tra 
jectory State Space Matrix, “m” (i.e., f11, f22 and f33). The 
plarimetric trajectory mapping processor 716 also calculates 
the off-diagonal values of the Parization Trajectory State 
Space Matrix, “m” (i.e., f12, f23, f13, f31, B2, and f21). 
[0064] The frequency domain received signal processing 
circuit 700 of the exemplary embodiment contains a vertical 
PN-sequence state generator 722 and a horizontal PN 
sequence state generator 724. These PN state generators 
generate a PN sequence that matches the pseudo-noise 
sequence produced by the PN-sequence generator 608 of the 
frequency domain transmitted signal generation circuit 600. 
These PN-sequence state generators drive respective Pulse 
tables 718, 720, Which de?ne the amplitude and phase, and 
thus information suf?cient to calculate the transmitted polar 
ization pro?le, for each transmitted Wavelength based upon 
the pseudorandom data produced by the vertical PN-se 
quence state generator 722 and the horizontal PN-sequence 
state generator 724. The outputs of these pulse tables 718, 
720 are provided, along With the output of the polarimetric 
trajectory mapping processor 716, to a polarimetric trajec 
tory correlation processor 726. The polarimetric trajectory 
correlation processor 726 corrects the output of the polari 
metric trajectory correlation processor 726 for the transmit 
ted polarization pro?le and correlates the observed polar 
ization transformations With those stored in the polarization 
transformation to material mapping table 500 for the fre 
quency set being transmitted. These correlations are pro 
vided to a material selection processor 728 that estimates the 
material from Which the physical object is made. The 
material selection processor 728 of the exemplary embodi 
ment determines this estimate based upon a best ?t analysis 
of the polarization transformations for the transmitted fre 
quency set. 

[0065] FIG. 8 illustrates a processing block diagram of a 
time domain transmitted signal generation circuit 800 in 
accordance With a further embodiment of the present inven 
tion. The time domain transmitted signal generation circuit 
800 generates a transmitted electromagnetic signal 112 and 
alloWs speci?cation of the time domain envelope and time 
varying frequency for that generated transmitted electro 
magnetic signal 112. The time domain transmitted signal 












